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Transbilayer Complementarity of Phospholipids in Cholesterol-Rich Membranes
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ABSTRACT: Lipid—lipid interactions across cholesterol-rich phospholipid bilayers were investigated by
measuring nearest-neighbor preferences of exchangeable phospholipids derived from 1,2-dinsy¥istoyl-
glycero-3-phosphoethanolamine (DMPE) and 1,2-disteasoglycero-3-phosphoethanolamine (DSPE),

in the presence of nonexchangeable dimers (i.e., templates) made from DMPE or DSPE. When
homotemplates were present, a significant preference for homophospholipid association was observed. In
contrast, when the corresponding heterotemplate was present, heterodimer formation was favored. These
results support a model in which the longer phospholipid in one monolayer preferentially associates with
the shorter one in the adjoining monolayer. In the absence of cholesterol, transbilayer complementarity
was also observed but to a lesser degree. Transbilayer complementarity of phospholipids is likely to play
an important role in stabilizing biological membranes and in promoting a compositional interdependence
of their two lipid leaflets.

One of the most challenging, and perhaps one of the mostrecognition (NNR) method 29-31). Specifically, we
important, issues that remains to be clarified in membrane showed that liposomes composed of “long” and “short”
biochemistry involves the possible existencérahsbilayer phospholipids favor a transbilayer arrangement in which the
communicationthat is, a preference of one phospholipid to short phospholipid lies directly across from the long one
favor another phospholipid as a nearest neighbor in the (Chart 1). In essence, the phospholipids complement each
adjoining monolayer. Much less challenging has been the other by forming a smooth surface that maximizes hydro-
determination of transbilayer asymmetry and lateral orga- phobic interactions.
nization in natural and model membranes. Thus, it is now The primary aim of the work reported herein was to
clear that there are significant differences in composition determine whether transbilayer complementarity also exists
between the two halves of biological membrangs2j. In in cholesterol-richphospholipid membranes. Since choles-
eukaryotic cells, for example, phosphatidylcholines and terol is known to have a strong condensing effect on fluid
sphingomyelins are favored in the outer leaflet, while membranes, it was not obvious whether such complemen-
phosphatidylserines and phosphatidylethanolamines are fatarity would be observedl( 12, 32—34). Specifically, one
vored in the inner leaflet. How cholesterol is distributed can imagine that in a more condensed state, stronger
between the two leaflets, however, has proven difficult to hydrophobic interactions within each monolayer would
quantify 3—5). Differences in the degree of unsaturation render transbilayer interactions and surface roughness of
and fluidity have also been detected between the inner andlesser importance to the overall stability of the membrane.
outer leaflets of biological membranes. In particular, the inner Given the large quantities of cholesterol that are found in
leaflet appers to be richer in unsaturated fatty acids and ismammalian membranes, we were compelled to address this
more fluid —10). On the basis of a variety of physical and biologically relevant question.
chemical measurements that have been made with natural
membranes and model systems, there is a growing body ofEXPERIMENTAL PROCEDURES

evidence indicating that cholesterol favors high-melting lipids Phospholipid Dimers 4, AA, AB, BB, and ®'. Each

?fs _neares”t neighbors, _forming “cond_ens_ed _Complexes” Ofof these dimers was synthesized by methods similar to those
lipid raf_ts (11-28). Thls lateral organization is thought to previously describec?®, 35). The purity of each lipid was
play an important role in fundamental cellular processes such>99%' as determined by high-performance liquid chromato-
as signal transduction and membrane trafficking. graphic (HPLC) analysis

How transbilayer asymmetry relates to lateral organization Heterodimer AB. A héterodimer template (B') was
has remained a mystery in the physiologically relevant fluid ¢ egj7eq according to the reaction scheme that is shown
phase. While some researchers have postulated the existenoi Scheme 1. Thus, to a solution containing 41 mg (0.20
of transbilayer communication among the lipids, experimen- mmol) of 2,2-(ethyle,nedithio)diacetic acid and 11.5 mg (0.1

tal support for this concept has been lackit@)( Recently, mmol) of N-hydroxysuccinimide (NHS) in 15 mL of tet-
we provided the first evidence for transbilayer complemen-

tarity in a model membrane, using the nearest-neighbor

1 Abbreviations: DMPE, 1,2-dimyristoydnglycero-3-phosphoet-
hanolamine; DSPE, 1,2-distearayi-glycero-3-phosphoethanolamine;

* Corresponding author: tel (610)758-4842; fax (610) 758-6560; MALDI, matrix-assisted laser desorption ionization; NNR, nearest-
email slr0@lehigh.edu. neighbor recognition.
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Chart 1

complementary
membrane-spanning pairs

randnomly-arranged
membrane-spanning pairs

rahydrofuran (THF) was added 21 mg (0.1 mmol) of
dicyclohexylcarbodiimide (DCC). After the mixture was
stirred fa 4 h atroom temperature, the solvent was removed
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argon over the solution. The lipid mixture was then dissolved
in 100 uL of chloroform and diluted with 27QuL of
diisopropyl ether. Subsequent addition ofd30f 3.3 mM
Tris-HCI buffer [3.3 mM Tris-HCI, 50 mM NacCl, 0.67 mM
NaNs, and 0.33 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.4] produced an emulsion. After the emulsion was
sonicated for 3 min, in a mild (bath-type) sonicator, the
organic phase was removed by gentle evaporation 4€60
resulting in a white gel at the bottom of the test tube. The
gel was then collapsed by vigorous vortex mixing for20
30 min, and 2.0 mL of additional 10 mM Tris-HCI buffer
(10 mM Tris-HCI, 150 mM NaCl, 2 mM Nahl and 1 mM
EDTA, pH 7.4) was added dropwise with vortex mixing.
The dispersion was then degassed with an aspirator for 5
min, and the residual traces of organic solvent were removed
by dialysis [Spectra/Por Membrane, molecular weight cutoff
(MWCO) 6000-8000] under an argon atmosphere, against
three 200 mL portions of degassed 10 mM Tris-HCI buffer,
pH 7.4) over the course of 18 h. Large vesicles formed under
these conditions were typically 1000 nm in diameter
(dynamic light scattering).

Thiolate—disulfide interchange reactions were initiated,

under reduced pressure and the residue was dissolved in &fter the dispersions were equilibrated at60 by injecting

mL of chloroform. After the insoluble urea was removed by
filtration, 63.5 mg (0.1 mmol) of DMPE and 44L (0.30
mmol) of triethylamine were added. After the product
mixture was stirred fo5 h atroom temperature, it was
diluted with 20 mL of chloroform and washed with 30 mL

25.5ul of a 10 mM Tris buffer solution of 37.65 mihreo
dithiothreitol (0.96umol) and 24uL of a Tris buffer solution
that was 0.42M in monensin (10.2 pmol), with brief vortex
mixing, and finally increasing the pH to 8.5 via addition of
ca. 10uL of 1.0 M NaOH. All dispersions were maintained

of 10% HCI. The organic layer was separated and dried overunder an argon atmosphere throughout the course of the

anhydrous MgS@ The solvent was then removed under

interchange reactions. Aliquots (0.30 mL) were withdrawn

reduced pressure and the residue was purified by preparativess a function of time and quenched with 80 of 30 mM

thin-layer chromatography [silica gel, (CHETH;OH/H,0,
65/24/4 viviv)] to give 54 mg (65%) of the half-reacted acid
(A'X), having Rs = 0.35 and'H NMR (CDs;OD, 500 MHz)
0.84 (t, 6 H), 1.23 (m, 40 H), 1.56 (m, 4 H), 2.30 (hex, 4
H), 2.79-2.86 (hex, 4 H), 3.23 (s, 2 H), 3.30 (s, 2 H), 3.56
(s, 2 H), 4.14 (m, 5 H), 4.32 (m, 1 H), 5.22 (m, 1 H), 7.69
(s, 1 H),9.92 (s, 1 H).

To a solution of 54 mg (0.065 mmol) of'X and 9 mg
(0.078 mmol) of NHS in 4 mL of chloroform was added 16
mg (0.078 mmol) of DCC. After the mixture was stirred for
2 h at room temperature, 50 mg (0.0668 mmol) of DSPE
and 27uL (0.196 mmol) of triethylamine were directly
added. The mixture was stirred for an additibdah and
then diluted with 20 mL of chloroform and washed with 30
mL of 10% HCI. The organic layer was separated and dried
over anhydrous MgS£The solvent was then removed under

HCI (final pH 5.0). After removal of water under reduced
pressure, the residue was dissolved in 2 mL of chloroform
and centrifuged for 20 min. The chloroform layer was then
removed under reduced pressure to yield a clear film, which
was, subsequently, dissolved in 2@ of chloroform and
90 uL of the mobile phase that was used for HPLC analysis.

Product mixtures were analyzed by C18 reverse-phase
HPLC by use of a mobile phase that was composed of 10
mM tetrabutylammonium acetate in denatured ethanol/water/
hexane (82/11/7) with a flow rate of 0.9 mL/min. The column
was maintained at 31C and the components were monitored
at 205 nm by a Waters 996 photodiode-array UV detector.
Because AA' overlapped with AA in the HPLC traces,
equilibrium constants were determined from peak area ratios
of [AB]/[BB] and equations that appear in the Supporting
Information section. Similarly, when'B’' was present as a

reduced pressure and the residue was purified by preparativgemp|ate, equilibrium constants were determined from peak

thin-layer chromatography (silica gel, CH{IH;OH/H,0,
30/10/1 viviv) to give 75 mg (74%) of the desired het-
erodimer (AB') havingRi = 0.44 and'H NMR (CD;0OD,
500 MHz) 0.85 (t, 12 H), 1.23 (m, 96 H), 1.55 (m, 8 H),
2.28(q,8H), 2.78 (s, 4 H), 3.26 (s, 4 H), 3.46 (s, 4 H), 3.88
(m, 8 H), 4.12 (m, 2 H), 4.38 (m, 2 H), 5.18 (s, 2 H), 7.98
(s, 2 H). Calcd for GoH15:N2018PS;Na: MALDI [M —
2H + 3Nal" 1624. Found: 1624. The purity of'B’ was
>99% as determined by HPLC analysis.
Nearest-Neighbor Recognition Measuremelms typical

area ratios of [AB]/[AA. When the heterodimer template
(A'B’) was employed, equilibrium constants were determined
from peak area ratios ([AB- A'B'])/[BB] and equations that
appear in the Supporting Information section. Analysis of
product mixtures by quantitative thin-layer chromatography,
with Ellman’s reagent [5,5dithiobis(2-nitrobenzoic acid)]

as a means of detection, indicated that the amount of
exchangeable phospholipid present in the thiol monomer
form was <0.6%.

liposome preparation, a test tube was charged with a ResULTS AND DISCUSSION

chloroform solution that contained 0. 18nol of A'A’, 0.15
umol of AA, 0.30umol of BB, and 0.49«mol of cholesterol.

Nearest-Neighbor Recognition Methods discussed

The chloroform was then evaporated by passing a stream ofelsewhere, NNR measurements take molecular-level snap-
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shots of membrane organization by detecting and quantifying

the tendency of specific lipids to become nearest neighbors AA + BB [AA + AB + BB ]~— AB
(14, 30, 31). Experimentally, equilibrium mixtures of ex- equilibrium mixture
changeabile lipid dimers (i.e., dimers having monomer units

that can undergo exchange with neighboring lipid monomers) AA + BB 2 AB 1)
are generated via thiolatalisulfide interchange reactions

(Scheme 2). The interchange of monomers A and B among K= [ABF/([AA]BB]) )

AA, BB, and AB is then governed by the equilibrium

constantk = [AB]%([AA][BB]), which characterizes their ~ experiments measure lateral interactions within each mono-
mixing behavior (Chart 2). Thus{ = 4.0 when A and B layer as well as transbilayer interactions, directly. In the same
mix ideally, K < 4 when homophospholipid associations are way, the introduction of AA' is expected to selectively
favored, andk > 4 when heterophospholipid associations stabilize BB in an adjoining monolayer. In principle, both

are favored. A'A’" and BB’ should generate a similar level of stabilization
Probing Transbilayer Complementarityia Nearest-  and, hence, similaK < 4 values.
Neighbor RecognitionThe variation of the NNR method Exchangeable and Nonexchangeable Phospholipid Dimers

that we have developed for probing transbilayer comple- In the present investigation, we used the exchangeable and
mentarity uses nonexchangeable dimers as templa®s ( nonexchangeable dimers that are shown in Chart 4. As noted
In essence, NNR experiments are carried out where either gpreviously, the gel to liquid-crystalline phase transition
part of A is substituted by a nonexchangeable dimek'A  temperaturesT,) for A'A" and BB’ are 21.1 and 55.6C,

or part of B by BB'. If A and B are favored membrane- respectively, which are similar to those of A& = 22.7
spanning pairs, then the inclusion of8in the membrane  °C) and BB (I, = 55.4°C); AB has aT, of 33.9°C (35).
enhances the formation of AA in the adjoining monolayer By use of procedures that are described under Experimental
leaflet by acting as a template (Chart 3). In this case, NNR Procedures, large vesicles were prepared by reverse-phase
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Chart 3 Table 1: Template Effects on Dimer Equilibria
_templaté  pna A BB:  C
entry type mol % (mol %) (mol %) (mol %) (mol %) Ke
"""""""""""""""" 1 50.0 00.0 50.0 3.9% 0.03
template 00.0 100 00.0
stabilized 2 AA 250 25.0 00.0 50.0 2.82 0.1
dimer 00.0 50.0 25.0
3 BB 250 50.0 00.0 25.0 2.76 0.20'
00.0 50.0 25.0
4 50.0 00.0 50.0 29 2.2%0.01
00.0 100 00.0 29
5 AA 250 25.0 00.0 50.0 29 1.220.06
00.0 50.0 25.0 29
6 BB 250 50.0 00.0 25.0 29 0.880.04
00.0 50.0 25.0 29
7 AB 250 37.5 00.0 375 5.9%0.15
____________________________ 00.0 75.0 00.0
8 AB 250 37.5 00.0 37.5 29 4.580.10
00.0 75.0 00.0 29
a Starting mol % of phospholipid dimerg Mol % of cholesterol
included in the membrane, where each mole of phospholipid dimer is
Chart 4 counted as two moles of lipid. Note: When cholesterol is included in
0 the membrane, the total mol % of phospholipid (exchangeable
,?J\AS/S g éﬁ\/stAgﬁ template) is equal to 71%, and cholesterol is equal to 29%: In this
case, the mole percentages that are shown for the phospholipids apply,
exchangeable non-exchangeable where the total equals 100%Equilibrium constants calculated from
linker linker o eq 2 & 1 SD) are averages from both sets of experiments; equilibrium
i/\ /K/S was reached in all cases withB h at 60°C. ¢ Reference 29.
o 0 HN S<}» HN
HNJK/S HNJ\/\S H ) \_}2 ' ]
\}’ sz & oo 00 when BB’ was used as the template in the presence of 29
00 Lo Ko i mol % cholesterol are shown in Figure 1b.

calculated from averages of the two sets of convergent data.
In the absence of templates, A and B mix ideally, as reflected
by a K value of 3.994+ 0.03 (Table 1, entry 1)209). In
contrast, when 50% of AA was replaced bypA(i.e., when
25 mol % AA’ was usedK was lowered to 2.82 0.15
(entry 2), and when 50% of BB was replaced biBB K
was found to be 2.76t 0.20 (entry 3) 29). Thus, the
template effect by AA’ and BB’ in promoting homodimer
formation corresponded to&AG® of 230 and 240 cal/mol,
respectively. Analogous experiments that were carried out
in the presence of 29 mol % cholesterol (in the absence of
templates) led to a significant increase in the preference for
— homodimer formation (entry 4). As we have shown else-
A'A AA BB B'B where, this effect is due to preferential association of the
sterol with two or more of the longer (higher-melting)
methods with the dimer and cholesterol compositions that exchangeable phospholipids (i.e., B¥(15). Similar experi-
are listed in Table 1. To preserve the thickness of the bilayer, ments that were performed’ where 50% of AA was rep|aced
A and B were always substituted by a mole-of-phosphorus- with A'A’ (i.e., when 25 mol % AA’ was used), showed a
equivalent amount of the nonexchangeable analogues. Nearsjgnificant enhancemeitt transhilayer complementarity. In
est-neighbor recognition measurements were then carried outhjs case, the value df was reduced from 2.2Z 0.01 to
by promoting thiolate-disulfide interchange reactions. To  1.22+ 0.06 (entry 5), corresponding toAeAG° of 410 cal/
ensure that equilibrium had been reached, product mixturesmol. When BB’ was used as the template under the same
were obtained from vesicles that were prepared from conditions,K was reduced to a value of 0.890.04 (entry
homodimers, as well as from heterodimers or a mixture of 6), corresponding to AAG® of 620 cal/mol.

heterodimer plus homodimer. The stronger influence that both of these templates have
Because AA’ and AA overlapped in the HPLC traces, in promoting homodimer formation in the presence of

equilibrium constants were determined by measuring the cholesterol is a likely consequence of preferred association
molar ratio of AB/BB (see Supporting Information). Simi- of the sterol with the longer phospholipids B andBB
larly, when BB’ was used as the template, the molar ratios Specifically, such a preference is expected to favor their
of AB/AA were used to calculate equilibrium constants. In unraveling and elongating (i.e., cholesterol’'s condensing
Figure 1a, we show the dimer ratios that were observed aseffect) relative to the shorter phospholipids, leading to an
a function of time, with AA" as the template in the presence increase in chain-length mismatch and a greater driving force
of 29 mol % cholesterol. Dimer ratios that were observed for transbilayer complementarity. The stronger effect b§'B

}o %o Equilibrium constants that are reported in Table 1 were
0

/\/\O}J\
o]
(@]
O
(o]

N v
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cholesterol-rich bilayers containing’A’. (b) Molar ratio of [AB]/[AA] as a function of time, starting fromQ) homodimers and€)
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FiGURE 2: Molar ratio of (JAB] + [A'B'])/[BB] as a function of time, starting fromQ) homodimers and€) heterodimers in bilayers
containing AB’ in which cholesterol is (a) absent and (b) present.

(i.e., the lowerK value relative to that found with'A") is that phospholipids in cholesterol-rich membranes comple-

a likely consequence of an additional contribution from ment one another across the bilayer, thereby minimizing

lateral interactions; that is, 'B' stabilizes the condensed surface roughness and maximizing hydrophobic interactions.

complexes formed between cholesterol and B more thiah A Such “interleaflet communication” is likely to exist in natural

stabilizes those formed between A with cholesterol. membranes as well. Thus, one may now expect that structural
As further evidence for the validity of our method, we or compositional modifications of one leaflet of a mammalian

carried out experiments with a nonexchangeakelerodimer membrane will bring about a compensating modification in

template (AB') in the absence and in the presence of the adjoining leaflet. In a broader context, complementarity

cholesterol. In principle, this template should induge  of phospholipids is likely to play a major role in stabilizing

preference for heterodimer formati@mong the exchange-  biological membranes.

able phospholipids. The synthesis ofBAis given under

Experimental Procedures and will not be discussed here. ACKNOWLEDGMENT

Since AB' overlaps with AB in the HPLC chromatogram,
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